The expansion and differentiation of oval cells in the acetylaminofluorene (AAF)/partial hepatectomy (PH) model was studied utilizing pulse-chase labeling with both tritiated thymidine ([ 
Introduction
The existence of a stem cell population in the liver is now strongly supported, although its exact nature and topological location are still being debated (1,2). Oval cells which proliferate after the administration of various chemicals and carcinogens are regarded as the progeny of liver stem cells (3) . The bipotential nature of the oval cells is similar to that of early embryonic hepatoblasts, which can differentiate into either hepatocytes or bile duct cells (3) (4) (5) (6) (7) . A significant activation of the stem cell compartment is only seen under conditions in which both the function and regenerative capacity of the hepatocytes are severely compromised (8) . After removal of the damaging agent, oval cells can either atrophy or undergo apoptosis and disappear or they can differentiate into hepatocytes and/or other lineages, the extent of which depends on the microenvironment and regulatory molecules (9) . Thus the fate of the oval cells is complex and continues to be a matter of controversy (10) (11) (12) . Evidence for the precursor-product relationship between oval cells and hepatocytes is widely acknowledged in the azo dye model of carcinogenesis (IS-IS). In addition, differentiation of oval cells into hepatocytes has been demonstrated in other models. Small hepatocytes are generated from oval cells in liver injury induced by noncarcinogenic d-galactosamine (16, 17) . Differentiation of oval cells into duct-like cells is observed in rats placed on a cholinedeficient ethionine-supplemented diet and these duct-like cells display markers of fetal hepatocytes (18) . In the acetylaminofluorene (AAF*)/partial hepatectomy (PH) model hepatocytic differentiation of oval cells involves loss of vimentin immunoreactivity and the staining pattern for cytokeratin 8 was different from that of bile duct cells (19) . In addition, electron microscopic study demonstrated that small transitional hepatocytes insinuated themselves between hepatocytes in the existing plates (19) . In an earlier study we demonstrated the transfer of tritiated thymidine ([ 3 H]TdR) from oval cells into basophilic small hepatocytes (23) . However, a recent study using bromodeoxyuridine (BUdR) as a tracer in the AAF/PH model failed to demonstrate transfer of the label from oval cells to diploid hepatocytes (12) .
Although BUdR has to a large extent replaced the utilization of radioactive tracer compounds for pulse labeling cells undergoing DNA synthesis, very few studies have been performed aimed at addressing the issue of the sensitivity of immunocytochemical methods in the detection of BUdR-labeled cells after several cell cycles (20, 21) . To detect BUdR in vivo by immunocytochemical methods, extremely high doses of BUdR must be administered to the animals (22) . The decrease in the immunohistochemical signal for BUdR following cell proliferation is a serious concern, due to the non-linear nature of the signal generated by the immunoperoxidase method. This is in contrast to the linear decrease in the number of silver grains detected by autoradiography during progressive cycling of cells after pulse labeling with [ 3 H]TdR. In the present experiment we studied the effect of various doses of AAF on the functional aspects of liver by analyzing the levels of serum albumin and total protein. Serum levels of alanine aminotransferase (ALT) and bilimbin were used to indicate the degree of damage to hepatocytes by AAF administration. However, the primary objective of the present study was to compare the use of [ 
Materials and methods

Cytochemistry and autoradiography
Liver samples were fixed in Bouin's solution and stained with hematoxylin and eosin. Frozen liver samples were fixed for 20 min in 4% paraformaldehyde and stained with OV-6 (kindly provided by Dr H.Dunsford) prior to autoradiography. The liver samples from BUdR (Boehringer Mannheim, Germany)-treated animals were fixed in Bouin's solution for 4 h and thoroughly washed with running water following several changes of 70% ethanol. The doublestranded DNA was denatured to single strands by immersing the slides in 3 N HC1 for 15 min at room temperature. Monoclonal antibody against BUdR (Becton Dickinson, San Jose, CA) was applied to the slides at a dilution of 1:100 for 40 mm at room temperarure. For OV-6 staining the slides from paraformaldehyde-fixed tissue were treated with proteinase K at a concentration of 1.5 ng/ml, while the slides from Bouin's solution-fixed paraffin block samples were treated at a concentration of 20 Hg/ml for 30 min at 37°C. The Vector ABC Elite Kit (Vector Laboratories, Burlingame, CA) was used for both BUdR and OV-6 staining. For autoradiography, the slides were dipped in Kodak NTB2 emulsion and developed after 6 weeks. The criterion for labeling was a minimum of five silver grains overlying the nucleus.
Treatment of animals and serum analysis
Three different experiments were performed. AAF was administered to male Fischer rats (150-170 g body wt) four times before and five times after PH as described earlier (23) . However, instead of using corn oil as a vehicle, AAF was dissolved in dimethylsulfoxide and a suspension in 1% methylcellulose was prepared as described by Semple-Roberts et al. (24) . Because methylcellulose possibly impairs the absorption of AAF from the intestine, a significantly higher dose of carcinogen was used, as in the previous experiment (23) . In Experiment 1 animals were divided into four different groups depending on the amount of AAF administered to the animals. Animals in group I (19 animals) received a total dose of 4.5 mg AAF, animals in group II received 9 mg (22 animals), in group III 13.5 mg (24 animals) and in group IV (25 animals) the total dose of AAF was 18 mg. In addition, one animal without any treatment was sacrificed at each time point as a control. Three to four animals from each group were sacrificed on days 4, 9, 14 and 20 after PH. Blood was drawn from the abdominal aorta and serum samples were analyzed for total protein and albumin (25, 26) , ALT (27) , y-glutamyl transpeptidase (GGT) (28) and bilirubin (29) .
In Experiment II the total dose of AAF given to the animals was 18 mg. Four injections of [ In Experiment III, the total number of animals was 22 and the total dose of AAF was 18 mg. [ 3 H]TdR (4 X 150 uCi) and BUdR (4 X 150 mg/kg body wt) were administered either simultaneously (10 animals) or BUdR was given 1 h after [ 3 H]TdR administration (12 animals) starting on day 6 after PH. Two to three animals from each treatment group were sacrificed at 7, 9, 13 and 15 days after PH.
Tissue culture and in situ hybridization
Rat liver epithelial cells were plated (2 X 10 4 cells/chamber) in Ham's F12 medium containing 5% fetal calf serum, 1% glutamine and 0.1% gentamicin in two-chamber slides (Nunc Inc., Naperville, IL). On the following day fresh culture medium containing 1 ng/ml BUdR was added and the cells were incubated for 24 h. The cells were then washed four times with phosphatebuffered saline to remove BUdR and incubation in 5% serum-containing medium was continued. Two slides were fixed in 95% ethanol containing 5% acetic acid for 20 min at 0 (24 h after incubation), 4, 6 and 8 days after labeling with BUdR.
In situ hybridization for albumin was performed as described earlier (30) utilizing 35 S labeled rat albumin riboprobe on frozen 4% paraformaldehydefixed slides.
Results
Experiment I: liver histology
Slightly basophilic hepatocytes were observed on day 4 after PH in periportal areas among animals from groups I and II. Their foamy appearance seems to indicate the accumulation of glycogen in their cytoplasm. Large numbers of oval cells were present in animals in groups ITI and IV receiving larger doses of AAF and the oval cells displayed extensive infiltration into the liver parenchyma (Figure 1 ). Few oval cells were observed on day 9 in the animals from groups I and n, whereas in group IV the oval cells were present either as ductal formations or in sheets of cells without any discernible lumen (Figure 1 ). Few sharply delineated foci of basophilic hepatocytes were present on day 14 in group IH. At this time the number of oval cells was markedly reduced in group IV and strongly basophilic foci were observed, which followed the distribution of the oval cells (Figure 1 ). By day 20 the liver architecture was normal in animals from groups I and n. At this time several oval cells together with sharply delineated basophilic foci still existed in group m, whereas in group IV practically all oval cells had disappeared and only large basophilic areas could be seen (Figure 1 ).
Serum analysis and in situ hybridization
Administration of AAF prior to PH did not produce any significant difference in the serum levels from control animals (data not shown). In contrast, by day 4 after PH total serum protein (data not shown) and albumin levels decreased in all groups (Figure 2 ), but were nearly back to normal by day 9, except in animals from group IV, in which both total serum protein and albumin levels further decreased. By day 14 these values had returned to normal. The values for ALT were significantly increased only for group IV on days 4 and 9 ( Figure 2 ). Serum bilirubin was also significantly increased on days 4 and 9 in animals receiving the highest dose of AAF. The serum GGT value correlated with the number of oval cells, the highest values being observed on days 4 and 9 in animals from group IV. In situ hybridization with albumin on day 9 showed a very high expression in the oval cells and by day 14 both basophilic foci and the remaining oval cells expressed very high levels of albumin transcripts ( Figure 3A andB).
Experiment II: pulse-chase labeling with [ 3 H]TdR or BUdR
Administration of [ 
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Grl" GrlV Fig. 2 . The serum level for albumin, ALT, bihrubin and GGT at various time points after PH (0 day) in the AAF/PH model. The total doses of AAF were 4.5, 9.0, 13.5 and 18 mg to animals from groups I, n, III and IV respectively. Values are mean ± SD (n = 4). Values are means from two to three animals for each time point. 7B). By day 11 the intensity of the BUdR labeling had decreased and the corresponding numbers were 41, 59 and 0% (Table I and Figure 7C ). By day 13, the total number of double labeled cells had decreased to 30% and [ 3 H]TdR-only labeled cells had increased to 70% (Table I and Figure 7D ). By day 15, the only cells positive for BUdR were also heavily labeled with [ Figure 8A and B) . These data suggest that there was a delay in the process of differentiation from OV-6-positive oval cells into OV-6-negative basophilic hepatocytes. Larger ductal formations, as seen in Figure 7A , which became labeled with both tracers on days 7 and 9 were always negative for BUdR on days 13 and 15 but positive for [ 
Fig. 3. In situ hybridization of oval cells from group IV for albumin. X200. Oval cells show heavy albumin expression 9 days after PH (A). Albumin expression in the basophilic foci 14 days after PH (B).
Tissue culture experiment
Upon treatment with BUdR at a concentration of 1 (ig/ml, the doubling time of RLE cells was shifted from 27 to 58 h. All the RLE cells treated and incubated for 24 h in BUdRcontaining' medium became heavily labeled ( Figure 10A ). After 4 days, which corresponds to two doubling times, BUdR staining was present as brown spots over the nuclei ( Figure  10B ) and after three doubling times by day 6 most of the cells were negative, even though lightly stained dots could still be seen in some cells ( Figure 10C ). In 8 days all cells were negative for BUdR ( Figure 10D ).
Discussion
In the present work we confirmed our earlier data with regard to the transfer of [ 3 H]TdR from oval cells into hepatocytes, thus supporting the precursor-product relationship between oval cells and hepatocytes (23) . However, we were unable to detect a similar transfer of BUdR from oval cells into hepatocytes. A further indication that the use of BUdR is not suitable for characterizing the precursor-product relationship when the precursor population undergoes extended proliferation was the complete lack of BUdR labeling in intestinal-type cells, large ductal cells and OV-6-positive transitional cells, in spite of nearly a 100% co-expression of both tracers at an early time point (day 7). Furthermore, the long-term follow-up experiments on cells pulse labeled with BUdR demonstrated that the label was undetectable after more than three to four cell divisions (20). Therefore, the suitability of BUdR labeling has been questioned for long-term pulse-chase experiments (21) 21,31,32 ). Both give similar results in short-term labeling studies aimed at detecting proliferating cells. When these markers are used in long-term studies their effects on cellular behavior become evident. Both affect the balance in the pyrimidine pool and can, depending on the cell type, either promote or inhibit cell proliferation (reviewed in 33, 34) . Radiolabeling of the cells can inhibit cell proliferation or induce apoptosis by inducing p53 protein in the cells (35) . Another problem with using radiolabeled nucleotides in establishing a precursor-product relationship when the precursor population undergoes extended proliferation is a possible local re-utilization of labeled nucleotide from dying cells and/or inflammatory cells, as well as the systemic availability of tritiated nucleotides from other sources, such as the intestinal tract (36, 37) . Even though we cannot entirely exclude this possibility, it cannot play a major role in our labeling studies because no inflammatory reaction was observed and the dying cells were the pre-existing damaged hepatocytes, which never became labeled, and the cell cycle time for use of this tracer in experiments aimed at demonstrating intestinal epithelium is very short (36) .
differentiation of immature cells into a more mature phenotype. BUdR is known to have both mutagenic and teratogenic Furthermore, BUdR is known to inhibit differentiation effects on cells (38) . These effects of BUdR complicate the (33, 34, 38) , further complicating its use in these experiments. For example, BUdR is known to inhibit differentiation of pancreatic cells into zymogen-producing cells, neuroblasts to neurites and myoblasts to myocytes by inhibiting the production of MyoD (39) (40) (41) . In this respect, the use of radiolabeled tracer provides certain advantages, particularly under conditions in which only the target cells become labeled during pulse labeling and re-utilization of the tracer is minimal.
One important question to be answered is whether labeling with BUdR has an inhibitory effect on differentiation of oval cells. An indication that this may indeed be happening comes from animals which received both BUdR and [ 3 H]TdR, some of which displayed a large number of OV-6-positive cells on days 13 and 15 without any prominent formation of typical basophilic foci. However, both morphologically and immunocytochemically these cells were different from the 'classical' oval cells; their nuclei were rounded, the cytoplasm occupied a larger portion of the cellular volume and the staining for OV-6 was weak and had a tendency to be more concentrated at the cellular borders ( Figure 8A ). These cells, which we call transitional cells, showed prominent labeling with [ 3 H]TdR but were always negative for BUdR, even though several cells located adjacent to them were positive for BUdR. The presence of a large number of BUdR-negative transitional cells under these conditions suggests that BUdR may delay oval cell differentiation.
It was evident from the beginning that there was a significant decrease in the number of BUdR-labeled cells in the oval cell area with time, even though on day 7 most of the [ 3 H]TdRlabeled cells were also labeled with BUdR. It is possible that in some cells that were at the end of the S phase when BUdR was administered, the detection of BUdR was lost after one or two cell divisions. These cells would then be detected as [ The proliferation of oval cells after severe insult to the liver can be regarded as a rescue operation for the preservation of both functional and morphological integrity of the liver. The sooner the hepatocytes recover the less important the role played by the oval cells will be. In the present study the level of hepatocyte damage was estimated by the leakage of ALT and bilirubin to the serum. This damage was reflected in a decrease in serum protein and albumin. The serum level of GGT on the other hand reflects the presence of a large number of oval cells in the liver and the gradual decrease in GGT level may be a useful in vivo indicator of oval cell differentiation into hepatocytes. Only in group IV was a significant proliferation and later differentiation of oval cells observed. According to the serum values, animals in this group experienced the most severe functional and morphological disruption; a low level of albumin and high level of ALT and bilirubin. When albumin production in the hepatocytes decreased, oval cells showed a strong expression of albumin. When the functional capacity of hepatocytes is reasonably well preserved, albumin expression in the oval cells is significantly lower (data not shown).
The present data confirm our earlier results in the AAF/PH model that [ 3 H]TdR can be used to demonstrate differentiation of oval cells into hepatocytes when the functional and regenerative capacity of hepatocytes is impaired. We also show that the use of BUdR in long-term pulse-chase experiments, a condition that exists in the AAF/PH model, is questionable. 
